ABSTRACT A multiple-quantum-well diode (MQW-diode) can function as a light-emitting diode or a photodiode. In particular, when appropriately biased, this dual-functioning device can simultaneously emit light and process information. Here, an MQW-diode of ring geometry is fabricated on a 1.64-mm-diameter suspended membrane by a combination of silicon separation and III-nitride backside thinning, and the 1.47-mm-diameter inner region enhances the overall light detection. When the MQW-diode operates under the simultaneous emission-detection mode, a three-stage amplifier circuit with a signal gain of 27.8 dB is used to recover the received signals, and the real-time spatial audio acquisition is experimentally demonstrated with the wire-bonded MQW-diode. This paper provides a promising path to produce multifunctional MQW-diodes toward the Internet of Things.
I. INTRODUCTION
Toward the Internet of Things (IoT), multifunctional optoelectronic devices are important components to construct low-cost, compact intelligent systems [1] , [2] . In the visible region, III-nitrides are of particular interest because of their extraordinary mechanical, optical and electrical properties [3] - [6] . For the p-n junction multiple-quantum-well diode (MQW-diode), the transmitter and receiver are equivalent. The device is either a transmitter or a receiver and can generate or absorb light [7] , [8] . If the MQW-diode functions as a receiver, it absorbs light to induce a photocurrent. When the forward voltage is higher than the internal barrier, the MQW-diode is turned on. It becomes the transmitter and generates light. Typically, the wavelength of light emitted from an MQW-diode is determined by the energy gap of the smaller-bandgap material in the MQW structure. Most of the generated photons are confined and travel across the junction. During this propagation process, the MQW-diode can absorb higher-energy photons to generate electron-hole pairs, which causes a photon-to-electron conversion. Crucial to this conversion is the fact that the MQW-diode inherently exhibits an overlap region between the emission and detection spectra, which causes the simultaneous light-emitting light-detecting phenomenon, termed the Wang effect [9] . Resonant-cavity enhanced photodiodes have been monolithically integrated with vertical-cavity surface-emitting lasers into a single chip since they have identical MQW active regions and bottom reflectors [10] , [11] . This multicomponent system produces a simple array of transmitter and receiver for optical interconnect applications. In fact, the MQW-diode can simultaneously generate and detect light when we illuminate it, and the forward voltage is higher than the turn-on voltage. Under this condition, the received signal mixes with the driven electrical signal of the MQW-diode. Considering the signal collection, the driven electrical signal must be filtered out, and the received signal should be amplified to improve the signalto-noise ratio. If we can extract the induced photocurrent, this particular phenomenon will result in many practical IoT applications from intelligent displays to duplex visible-light communication and device-to-device interactivity [12] , [13] .
One InGaN/GaN MQW-diode can simultaneously achieve light emission and detection because of the dual functioning behavior of the MQW-diode. Here, we fabricated a 1.47-mm-diameter suspended MQW-diode on a III-nitride-on-silicon platform using a combination of silicon removal and III-nitride backside thinning. The ring geometry is proposed to balance the light detection and illumination of the MQW-diode. In the simultaneous emission-detection operation mode, a three-stage amplifier circuit is developed to recover the received signals of the MQW-diode, and the real-time audio transmission is experimentally demonstrated with great potential for device-todevice communication. 
II. EXPERIMENTAL RESULTS AND DISCUSSION
The Ring MQW-diode is fabricated on an III-nitride-onsilicon wafer [14] . The bottom silicon is etched to obtain a suspended device architecture, which eliminates the silicon absorption of the generated light. The light extraction is better with a thin membrane [15] ; then, the suspended III-nitride membrane is thinned from the backside using inductively coupled plasma reactive ion etching. Figure 1 (a) shows an optical microscope image of the suspended MQW-diode of the ring geometry. The ring p-electrode is 170 µm wide, and the gaps between p-and n-electrodes are 25 µm. Except for the bonding pads, the ring MQW-diode is fabricated on a 1.64-mm-diameter suspended membrane with a 1.47-mm-diameter inner region. Because of the excellent mechanical property of III-nitride, the suspended membrane can withstand the stress changes during substrate relief and backside etching. The ring geometry finds a trade-off between emission and detection. Figure 1 (b) illustrates the device geometry observed from the silicon side. Silicon is completely removed because the III-nitride films are transparent in the visible region. We use a commercial light-emitting diode (LED) as the external light source to illuminate the MQW-diode. The electroluminescence (EL) spectra of the LED and the spectral response of the MQW-diode can be measured using a multifunctional micro-transmittance setup. Figure 2(a) shows the measured EL spectra of the LED, which exhibits broad emission spectra with a dominant EL peak at 464 nm. We obtained the spectral response of the MQW-diode from 400 to 500 nm with a wavelength step of 5 nm and monochromatic light using the Horbia iHR320 spectrometer. The illumination intensities were measured using a Thorlabs PM100A power meter. There is an overlap between the spectral response of the MQW-diode and the EL spectra of the LED, which enables the MQW-diode to sense the light emission of the LED. The current-voltage (I-V) characteristics of the MQW-diode are measured with an Agilent B1500A semiconductor device analyzer. The photocurrent is generated when the LED illuminates the MQW-diode. After normalization, we extract the illumination power-dependent photocurrents. At zero bias of the MQW-diode, the photocurrent increases from 1.15 nA at 6.9 mW to 1.63 nA at 15 mW.
The received signals can be directly recovered when the MQW-diode is operated under the detection mode. However, the received signals mix with the driven electrical signals in the MQW-diode when the emission-detection operation simultaneously occurs. To recover the received signals, a three-stage amplifier circuit is applied. As illustrated in Fig. 3 , first, the blocking capacitance C1 first out the driven electrical signal, and resistance R 1 is 10 k . In the firststage circuit, an AD8092AR amplifier is used to amplify the original electrical voltage signals, and the signal is amplified approximately ten folds. R 2 , R 2 and R 4 are 1 k , 10 k and 22 k , respectively. Then, an OPA549T amplifier amplifies the output signals from the first-stage circuit, and the signal is amplified by nearly 10. R 5 , R 6 and R 7 are 1 k , 10 k and 10 k , respectively. Another AD8092AR amplifier is used, and R 8 and R 9 are 1 k and 5.1 k , respectively. In this stage, the amplified signal is 6 times higher than the original signal. Finally, an Agilent DSO9254A digital storage oscilloscope directly characterizes the output signals. The three-stage amplifier circuit has a signal gain of 27.8 dB, and the hierarchical amplifiers ensure the linearity and stability of the amplified signal. A multichannel DC power source is used to supply the MQW-diode and three-stage amplified circuit, and an arbitrary waveform generator directly regulates the light emission of the LED, which produces a wireless visible-light communication [16] . Figure 4(a) shows the amplitude of the output signal as a function of the peak-to-peak voltage V pp of the LED when the MQW-diode operates under zero bias.
The waveform generator outputs the modulated light at a frequency of 2 kHz. When V pp of the LED source increases from 2 to 4 V, many more photons are generated, and the average illumination powers are approximately 1.67 mW and 9.77 mW. Consequently, the amplitudes of the output signal expand from approximately 430 mV to 870 mV. When the MQW-diode is turned on with a bias voltage of 2.4 V, it simultaneously emits light and measures the incoming visible radiation from the LED, which results in a simultaneous emission-detection operation. The measured signal is a mixture of the received signal and the driven electrical signal, and the three-stage amplified circuit filters out the driven electrical signal and amplifies the received signal. Figure 4(b) illustrates the output signals after the amplified circuit. The induced photocurrent shows an abrupt transition around the turn-on voltage of the MQW-diode, and the biased voltage of 2.4 V is near the turn-on voltage. However, the 2-V V pp of the LED causes relatively small changes in the induced photocurrent of the MQW-diode, which may make the amplitude of the output signal too noisy. These results confirm that the MQW-diode remains sensitive to the illumination power and consequently V pp of the LED. The relation between signal and noise is complex. Figure 5(a) shows the bias voltage-dependent amplitude of the received signal of the MQW-diode. When V bias increases from 2.4 to 2.6 V, the amplitude of the received signal increases from 25.78 mV to 291.04 mV. However, the received signals become weak when V bias increases from 2.6 to 2.8 V. Above the turn-on voltage of the MQW-diode, the forward current and induced photocurrent nonlinearly increase with V bias . The received signal is nonlinear with V bias because of the nonlinear behavior of the MQW-diode. A proper V bias of the MQW-diode can be optimized to achieve the best performance. Figure 5 (b) schematically illustrates the real-time spatial audio transmission by combining the wirebonded MQW-diode with the three-stage amplifier circuit. The generated audio signal is amplified to modulate the light emission of the LED through a bias-tee circuit. Both the MQW-diode and three-stage amplifier circuit are wired to a DC power, where the MQW-diode simultaneously emits light and detects the external illumination. After being filtered and amplified by the three-stage amplifier circuit, the recovered and amplified signals are sent to an audio player. Merging the MQW-diode with a three-stage amplified circuit enables one to produce intriguing optoelectronic devices with multiple functionalities.
III. CONCLUSION
To balance between emission and detection, the dualfunctioning MQW-diode of the ring geometry is fabricated on a 1.64-mm-diameter suspended membrane with a 1.47-mm-diameter inner detection region. By switching on the MQW-diode, the simultaneous emission-detection operation occurs. A three-stage amplifier circuit with a signal gain of 27.8 dB is used to recover the received signals of the MQW-diode, and the real-time spatial audio acquisition is experimentally demonstrated. 
